The effects of pharmacologically induced changes in myocardial properties on diastolic mitral valve mechanics were studied in five open-chest dogs. After the induction of complete atrioventricular block, the dogs were subjected to a protocol of programmed pacing. During prolonged diastolic pauses, programmed atrial contractions were induced at progressively increasing coupling intervals. Echocardiographically determined mitral valve reopening time was established for each coupling interval in the control state as well as under the influence of calcium or verapamil. Compared with control, calcium caused an increase in myocardial tension from 23.8 ± 3.0 to 30.0 + 4.6 g/cm2 (mean + SD, p < .005) as well as an increase in mean septal contraction and relaxation velocities from 142 ± 25.9 and 144 ± 15.2 mm/sec to 188 ± 21.7 and 174 + 19.5 mm/sec, respectively (each p < .001). Conversely, verapamil caused a decrease in mean myocardial tension from 23.8 ± 3.0 to 19.4 ± 5.3 g/cm2 (p < .001) and in mean septal contraction and relaxation velocities from 142 + 25.9 and 144 15.2 mm/sec to 112 32.7 and 112 ± 21.6 mm/sec, respectively (each p < .001). At every coupling interval, calcium significantly (p < .01 to .001) prolonged, whereas verapamil significantly shortened (p < .01 to .001), mitral reopening time compared with the control state. These pharmacologically induced changes in mitral valve mechanics occurred despite variations in left ventricular volume, as well as left ventricular and left atrial pressures that under normal conditions exert opposite effects on mitral valve mechanics. Thus, in addition to affecting active systolic and early diastolic myocardial properties, calcium and verapamil also caused marked changes in passive late diastolic myocardial properties as demonstrated by late diastolic alterations in mitral valve mechanics. This experimental preparation offers a unique method for the investigation of late diastolic myocardial properties. Circulation 73, No. 5, 997-1005, 1986 THE COMPLEXITY of mitral valve mechanics has been a source of continuing interest since 1843.1 The apparent simplicity of mitral valve motion conceals a complex physiologic process that is dependent on the precise interaction of a multitude of factors. 1-20 In previous studies we described the phenomenon of "diastolic mitral valve locking."' The two main factors responsible for this phenomenon are effective atrial systole and an adequate left ventricular volume. The blood flow through and around the mitral valve during
diastole creates a closing motion of the mitral leaflets even before the initiation of ventricular systole.2" This in itself is not sufficient to sustain the mitral valve in the closed position. In the absence of a properly timed ventricular systole, the mitral leaflets may eventually reopen and assume a midstream position. The time from the atrial-induced mitral valve closure to its reopening is directly related to left ventricular volume.2' The greater the intraventricular volume the longer it takes the mitral valve to reopen. Moreover, the accumulation of a critical amount of blood in the left ventricle prevents reopening of the mitral valve, thereby sustaining mitral valve locking that was induced by atrial systole. The rate of volume accumulation in the left ventricle depends, among other factors, on the diastolic relaxation properties of the myocardium. 22 Consequently, changes in the diastolic properties of the myocardium will cause concomitant changes in diastolic mitral valve mechanics. The purpose of this study was to elucidate the relationship between changes in diastolic properties of the myocardium and mitral valve mechanics.
Materials and methods
The study was performed on five mongrel dogs with a mean weight of 16.3 kg. The animals were anesthetized with intravenous sodium pentobarbital (30 mg/kg body weight), intubated, and ventilated with room air by means of a Harvard respirator. After exposure of the heart via a midsternotomy, 0.1 mm diameter bipolar Teflon-coated (except at the tips) plunge electrode pairs were placed intramurally in the left atrial and left ventricular myocardium for subsequent cardiac pacing. Heart block was induced by electrocoagulation of the atrioventricular node through a right atrial approach immediately before the initiation of the study.23 The heart was paced by means of a customdesigned programmable stimulator (Bloom Associates, Reading, PA) in various pacing modes as detailed below. The sinus node was mechanically crushed to slow spontaneous sinus activity. A Walton Brody strain gauge was externally calibrated and sewn onto the right ventricular myocardium parallel to the interventricular septum, its legs spread to 50% of its original length and fixed in this position for calibration in the control state in vivo. Surface electrocardiographic lead II as well as left ventricular and left atrial pressures (Millar micromanometer catheters, models 350 and pc 370) were recorded continuously throughout each experiment. Both pressure catheters were balanced for common baseline and sensitivity. Calibration was made by means of a mercury manometer before insertion of each catheter. When catheters were positioned in the respective cardiac chambers, both pressures were equilibrated during prolonged diastolic periods induced by temporary cessation of pacing. The equilibration process was done by assuming that during prolonged diastolic periods the left atrium and left ventricle are in continuity and pressures in the two chambers are equal. This procedure was repeated several times throughout the experiment. M mode echocardiographic images of the left ventricle were recorded simultaneously by means of a Smith Kline echocardiograph (Model 20A) connected to an Irex "Continuous Trace" (Model 101) multichannel recorder. The echocardiographic transducer was attached to a rigid bar fixed to the surgical table.24 The 2.25 mHz M mode echocardiographic transducer was placed on the right ventricular surface at a right angle to allow visualization of both the lower part of the anterior and posterior mitral leaflets as well as the interventricular septum and the left ventricular posterior wall. Experimental protocol. Electrocardiographic, hemodynamic, and echocardiographic data were recorded simultaneously in each animal during a protocol of programmed pacing. The heart was paced in an atrioventricular synchronous mode. The left atrium and left ventricle were simultaneously paced with a pulse width of 2 msec and twice diastolic excitability threshold current. The basic pacing rate was kept at a cycle length of 450 msec (heart rate approximately 133 beats/min) to ensure consistent atrial capture and overdrive suppression of sinus and escape ectopic beats. After every sixth atrioventricular paced beat a programmed atrial extrasystole was introduced at progressively increasing coupling intervals ranging from 200 to 900 msec in steps of 100 msec. Each atrial extrasystole was followed by a programmed prolonged pause (1.5 to 2.0 sec). Spontaneous sinus or atrial ectopic rhythm was allowed to resume after the programmed atrial extrasystole and throughout the programmed pause. Typically, after a drive of 6 paced beats at a cycle length of 450 msec, there was a 600 to 1000 msec pause before the resumption of a spontaneous sinus or ectopic rhythm. This sequence of programmed pacing was performed in the 998 control state as well as after the administration of calcium and verapamil. A 10% calcium gluconate solution was infused intravenously at a rate of 40 mg/kg/min throughout an entire sequence of programmed atrial extrasystoles. The animal was then allowed to recover for one-half hour, after which the same sequence was repeated, this time after an intravenous bolus injection of verapamil at a dose of 0.25 mg/kg body weight. The animal was allowed to recover and all measured variables returned to a preintervention control level. The time for recovery after administration of calcium was relatively short (5 to 10 min). After administration of verapamil hemodynamic variables returned to control levels in all animals after 40 to 60 min. To assume total hemodynamic recovery, we followed the animals for 2 hr to allow at least 1 hr of hemodynamic steady state. The administration of calcium and verapamil was then repeated in each animal, and the same sequence of programmed pacing was performed and measurements made. Definitions and measurements. Time intervals, ventricular dimensional measurements, and septal contraction and relaxation velocity determinations are illustrated in figure 1 . The independent variable in these experiments was the coupling interval of the atrial extrasystole, measured in milliseconds from S, of the last regularly paced atrioventricular beat to the programmed extrastimulus (APC) S2. At each coupling interval the "mitral reopening time" in milliseconds was measured from the point of initial mitral valve closure induced by active atrial systole to the point of passive diastolic mitral valve reopening as seen on the echocardiogram. The left ventricular volume at the mitral reopening point was calculated from the echocardiographically determined left ventricular diameter at this point (figure 1, white arrows). Left ventricular volume was calculated (for each diameter) by the formula advocated by Teichholz et al.'21 LVV = w D3/6 (0.075 D + 0.18), which appears sufficiently accurate (R = .92) in hearts with diameters in the range of 2 to 8 cm.26 Septal contraction and relaxation velocities (SCV, SRV) were determined by measuring the rate of septal excursion during contraction (SEC) and relaxation (SER) using the formulas: SCV = SEC/t and SRV = SER/t, where ttime.27 Relative changes in myocardial tension were determined by measuring the deflection of the myocardial tension curve (in g/cm2) and comparing it with the deflection in the control state.
Left ventricular and left atrial pressures were measured after balancing and calibrating the Millar catheters as detailed above. The magnitude of venous return during the prolonged diastolic period was assessed by the rate of rise (slope) in passive atrial pressure (mm Hg/sec).
All experiments were conducted in compliance with the "Guiding Principles in the Care and Use of Animals" of the American Physiological Society and the Animal Care Policy of the Lankenau Medical Research Center.
Statistical analysis. A t test for paired samples was per-
formed comparing changes from control state for each intervention and coupling interval. Significance was determined after adjusting for multiple comparisons. Data are expressed as mean + SD.
Results
Control data. Analysis of the data obtained during the control state confirm the previously described relationship between atrial systole and left ventricular volume and their relative contribution to diastolic locking of the mitral valve.2 Specifically, the atrial contraction induced by the atrial extrastimulus during a prolonged pause in ventricular activity closed the mitral valve.
However, because of the lack of a properly timed ven- tricular systole, the mitral leaflets tended to reopen and assume a midstream position for the remainder of the programmed diastolic pause unless a new hemodynamic perturbation occurred. The time elapsed from mitral valve closure induced by atrial contraction to its reopening, the mitral reopening time, was directly related to the coupling interval of the atrial systole and was dependent on the accumulated left ventricular volume. Increasing the coupling interval of the programmed atrial systole permitted a larger accumulated left ventricular volume and therefore progressive prolongation of the mitral reopening time (table 1, figure 2). The interaction of atrial systole and ventricular volume is illustrated in figure 3. Prolongation of the coupling interval of the programmed atrial systole (Sr-S2) from 400 to 600 to 800 msec increased the accumulated left ventricular volume from 26 to 34 to 40 ml, MRTmsc. respectively. Accordingly, mitral reopening time prolonged from 50 to 110 to 230 msec ( figure 3 ). It is of further interest to note that the spontaneously occurring sinus beat (P) that followed the programmed atrial systole created a sustained pressure gradient across the mitral valve, which caused locking of the mitral valve for the remainder of the prolonged diastolic period (figure 3).
In the control state, mean myocardial tension was 23.8 ± 30 g/cm' and septal contraction and relaxation velocities were 142 ± 25.9 and 144 ± 15.2 mm/sec, respectively. Under these basal conditions the mitral reopening time prolonged progressively from a mean of 32 ± 19 msec at a coupling interval of 300 msec to a mean of 218 ± 24 msec (p < .001) at a coupling interval of 800 msec. At a coupling interval of 900 msec, three of the five dogs demonstrated mitral valve SiSoo"X 52
is.
PwW FIGURE 3. Three identically arranged representative tracings depict ing diastolic mitral valve mechanics at various coupling intervals of th atrial premature contraction (S2) without any pharmacologic interven tion. As the SI-S2 coupling interval was prolonged from 400 to 600 tF 800 msec (panels A, B, and C), the accumulated left ventricular volum( (V) increased from 26 to 34 to 40 ml. Accordingly, mitral reopenin, time prolonged from 50 to 1 10 to 230 msec. In each panel spontaneou sinus rhythm resumed approximately 1200 to 1300 msec after S2. A this point the accumulated left ventricular volume reached the critica volume for this particular heart. Under these conditions, the sinus bea (P) permanently locked the mitral valve for the remainder of the diastol ic period. For details see text. IVS = interventricular septum; MV mitral valve; PW = posterior wall; other abbreviations as in figure 1 locking. Over this same range of coupling intervals. left ventricular volume increased progressively from a mean of 30.5 ± 2.8 ml at a coupling interval of 30( msec to a mean of 32.3 ± 3.5 ml (p < .001) at a coupling interval of 900 msee (table 1, figure 2 ). Mean left ventricular end-diastolic pressure during atrioventricular pacing was 4.7 mm Hg. Left atrial pressure measured immediately preceding the programmed atrial systole increased from a mean of 6.5 ± 1. 1 mw Hg at a coupling interval of 600 msec to a mean of 8.C ± 1.1 mm Hg at a coupling interval of 900 msec ( figure 2 ). None of the five dogs showed the phenomenon of mitral valve locking (table 1, figure 4 ). The decrease in mean mitral reopening time for each coupling interval up to 800 msec was highly significant (p < .001 vs control; table 1). Left ventricular volume increased from 30.9 + 2.8 to 31.6 ± 2.7 ml at a coupling interval of 300 msec (p NS vs control) and reached a mean maxi- figure 1 . The coupling interval of the atrial premature contraction was kept constant at 900 msec for all three panels. Verapamil decreased myocardial tension from 13 to 11 g cm2. Mitral reopening time was shortened from 200 to 150 msec. Conversely, the administration of calcium increased myocardial tension to 15 g/cm2. An atrial systole at the identical coupling interval of 900 msec caused permanent locking of the mitral valve. Note the changes in septal contractility and relaxation as indicated by the tangents to systolic and diastolic septal motion in all three panels. For details see text.
Abbreviations as in figures 1 and 3. mum of 34.5 2.6 ml at a coupling interval of 900 msec (p < .001 vs control; table 1). Furthermore, at each coupling interval, left ventricular volume was increased compared with control (table 1). Left yentricular end-diastolic pressure during atrioventricular pacing increased to a mean of 5.7 1.0 mm Hg (p < .001 vs control). Concomitantly, left atrial pressure measured at the onset of atrial systole increased from 5.7 1.2 mm Hg at a coupling interval of 600 msec to 7.2 1.2 mm Hg at a coupling interval of 900 msec.
Discussion
The mechanism of mitral valve closure has long attracted the attention of physiologists. As early as Vol. 73, No. 5, May 1986 1843, Baumgarten' postulated that in addition to ventricular systole, atrial contraction also plays a major role in the closing mechanism of the mitral valve. This concept was supported by subsequent work, including that of Krehl.I The role of turbulent blood flow around and behind the mitral leaflets as a possible mechanism of atrial contraction-induced mitral valve closure was first advocated by Straub3 and substantiated by Henderson and Johnson.4 These researchers created a model to simulate flow conditions through and around the mitral valve during the cardiac cycle. In this model the importance of the "breaking of the jet" phenomenon and the role of turbulent flow around the mitral valve induced by atrial systole to valve closure were first demonstrated .4 Subsequent investigations`have dealt with this problem and substantiated that transvalvular pressureflow relationships govern mitral valve function. In our previous work, we introduced a new concept in mltral valve mechanics, namely, the phenomenon of mitral valve locking.21 This concept can be summarized as follows: In the absence of a properly timed ventricular systole, the mitral valve, initially closed by an atrial systole, reopens acutely and assumes a midstream position for the rest of the diastolic period.6 21 However, the reopening time of the valve depends mainly on the intraventricular volume that has accumulated at the time the atrial extrasystole occurs, as well as the pressure developed in the atrium due to venous filling.21
The greater the ventricular volume, the longer it takes for the venous return from the pulmonary circulation to elevate left atrial pressure to the point necessary for mitral valve reopening. This dependence of diastolic mitral reopening on the vigor of atrial systole and rate of venous return was previously shown by Little. 1, T he progressive prolongation of mitral reopening time reaches a point at which atrial systole will close and "lock" the mitral valve; the accumulated ventricular volume has raised intraventricular pressure to the point that the small increase in volume and pressure caused by atrial systole may be sufficient to sustain the mitral valve in a closed position. Consequently, venous return will be insufficient to overcome the ventriculoatrial pressure gradient necessary to reopen the valve, and the mitral valve will remain locked for the remainder of the diastolic period. Thus the combination of active atrial systole and a critical ventricular volumepressure relationship are the main factors ensuring diastolic locking of the mitral valve until the next hemodynamic perturbation occurs.21
In the present study we further investigated this new concept of atrial-induced mitral valve locking by 1001 / L = mitral valve locking; LAP = left atrial pressure (mm Hg) of the atrial extrasystole measurable only for coupling intervals of 600 to 900 msec (see text); LVEDP = left ventricular end-diastolic pressure (mm Hg) of the regularly paced beats S,; LVV = calculated left ventricular volume (ml) for each coupling interval from 300 to 900 msec after S l; MRT = mitral reopening time (msec) for each coupling interval of the atrial extrasystole ranging from 300 to 900 msec from the last atrioventricular paced beat (S, ); MT = myocardial tension; SCV = septal contraction velocity; SRV = septal relaxation velocity. p values vs control: Ap <.05; Bp <.01; Cp <.005; Dp <.001; X mitral valve locking resulting in too few data points for analysis.
changing left ventricular diastolic wall properties, a major determinant of left ventricular volume accumulation. 22 Analysis of the results of this study suggest the following conclusions: The relationship between the mitral reopening time after an atrial systole to the amount of accumulated ventricular volume has been reconfirmed.21 This relationship is evident in the control state, which corresponds to the experimental conditions in our previous study (table 1, figure 3 ). ). However, the relationship between left ventricular volume and mitral reopening time was still evident. For example, in the presence of calcium, as left ventricular volume increased from a mean of 30 to 34 ml, the mitral reopening time increased from 58 to 290 msec; and after verapamil, as left ventricular volume increased from 31.6 to 34.5 ml, the mitral reopening time prolonged from 14 to 176 msec.
Moreover, the addition of calcium, which caused a significant increase in myocardial tension as well as in septal contraction and relaxation velocities, was associated with mitral valve locking at an earlier coupling interval than in the control state ( figure 4, table 1 ). After the administration of verapamil, however, myocardial tension as well as septal contraction and relaxation velocities decreased markedly. Consequently, figure 4 ). Diastolic myocardial properties. Our results indicate that changes in diastolic myocardial properties may markedly and paradoxically influence mitral valve mechanics overriding those effects associated with changes in left ventricular volume and the contractile state of the atrium. These findings suggest that the predominant factors causing changes in mitral valve motion patterns induced by calcium and verapamil are related to changes in the late diastolic properties of the myocardium.
The diastolic behavior of the myocardium is a complex and still controversial subject. 28 The early diastolic relaxation period seems to be an active, energyconsuming process, [29] [30] [31] [32] [33] [34] [35] whereas the late diastolic phase is believed to be passive, dependent mainly upon elastic, viscous, and inertial properties of the myocardium.3'41 An even more complex and controversial subject is the influence of changes in myocardial inotropic state on late diastolic properties. Catecholamines, for example, have been claimed by some authors to reduce myocardial stiffness,42, 43 Our work indicates that the positive and negative inotropic effects of calcium and verapamil, respectively, have important effects on myocardial relaxation patterns. These effects go beyond the "active" early relaxation period and into the "passive" late diastolic phase. This would suggest a direct effect on "stress" relaxation or, in other words, a direct effect on the interaction between the contractile elements within the myocardial cell during the late diastolic relaxation phase. It is also conceivable that the changes observed with calcium and verapamil are due in part to their effects on the strength of atrial contraction and may not be related solely to the diastolic properties of the left ventricle. Moreover, it must be pointed out that verapamil, as well as other vasoactive drugs, may affect the peripheral circulation, possibly leading to additional effects on mitral valve mechanics, as well as indirectly influencing ventricular relaxation by catecholamine release.
Limitations. Several potential limitations of this study should be emphasized. Experiments were done in an anesthetized open-chest experimental preparation. Moreover, the mitral apparatus was evaluated as an integral physiologic entity and we did not consider the effects of specific interventions on each component of the valvular apparatus.
It is recognized that pharmacologic interventions may affect not only the properties of the ventricular myocardium, but also the rate of venous return and the force of atrial contraction, factors that undoubtedly contribute to both mitral valve mechanics and left ventricular volume. In this study the rate of rise in diastolic atrial pressure (venous return) was within the range of 6 mm Hg/sec and was not significantly different during each of the pharmacologic interventions. Hence, this factor presumably did not have significant influence on the results of this study. However, our experimental preparation precluded quantitative determination of these other variables.
The range of left ventricular volumes in this study was produced primarily by varying the coupling interval. The fact that multiple variables, such as left ventricular volume and mitral reopening time or locking, change together does not necessarily indicate that they are related as cause and effect. It is also possible that both left ventricular volume and mitral reopening time are causally related to the coupling interval. Conceivably, left ventricular volume and mitral reopening time may be parallel but unrelated events. In addition, with respect to left ventricular volume determinations and their sequential comparison after interventions, the only direct determinations made were those of left ventricular diameter from which volumes were calculated.25 26 Consequently, small technical errors in echocardiographically measured diameters might result in relatively greater errors in derived volumes.
As detailed in table 1, a significant increase in atrial pressure in the presence of calcium and a decrease with verapamil were noted. However, it must be emphasized that these changes in atrial pressure, in part reflecting "contractility," were always accompanied by changes in left ventricular diastolic volume. For example, calcium increased left atrial pressure but concomitantly decreased left ventricular diastolic volume and pressure. If the compliance of the ventricle had remained unchanged, the decrease in diastolic ventricular volume should have been offset by the increment in volume caused by the increase in atrial contractility. The resuitant interrelation of mitral reopening time to coupling interval should therefore have remained similar to control. However, the present results demonstrate that calcium caused a distinct and significant deviation in the pattern of diastolic mitral valve function from the control state. This can best be explained by a change in diastolic myocardial properties. Hence, the apparently paradoxic decrease in initial left ventricular volume is consistent with the fundamental conclusion of this study. Conversely, the influence of verapamil on mitral valve mechanics can be understood in a similar manner.
Another factor potentially influencing the myocardial contraction pattern and consequently the mechanics of the mitral apparatus is the site of atrial and ventricular pacing. However, since this was an intervention study, every animal was its own control, and the plunge electrode pacing sites in the atrium and ventricle remained constant. Thus, the order of magnitude of change after an intervention may have been affected, but presumably not the mechanism of the phenomenon. Future considerations. This experimental preparation adds a further dimension in the research of diastolic mitral valve mechanics. Furthermore, it offers a new way to elucidate the still obscure and controversial phenomenon of late diastolic relaxation of the myocardium. With this experimental preparation it may be possible to isolate and study the effects of various interventions on early as well as late diastolic myocardial mechanics. Obviously, more extensive studies on the effects of catecholamines, /3-blocking agents, and other positive and negative inotropic interventions are indicated.
